The ribonuclease MC1 (RNase MC1) from the seeds of the bitter gourd belongs to the RNase T2 family. We evaluated the contribution of 11 amino acids conserved in the RNase T2 family to protein folding of RNase MC1. Thermal Key words: crystal structure; Momordica charantia; ribonuclease T2 family; stability The 2 0 ,3 0 -cyclizing ribonucleases (RNases) in mammalians and microbial cells have been studied. They are classified into three families, RNase A, RNase T1, and RNase T2, on the basis of sequence similarity and substrate specificity. Because of their restrictive substrate specificity, RNases belonging to the RNase A and RNase T1 families have been extensively characterized as model enzymes, and their protein structures and catalytic mechanisms are well understood. 1, 2) In contrast, RNases belonging to the RNase T2 family have attracted little interest, because they exhibit unique base preferences with a non-absolute base specificity.
3) Since, however, it is known that RNase T2 family enzymes are ubiquitous from viruses to human cells, a great deal of attention has been paid to protein structure and enzymatic properties. 4) RNase Rh isolated from Rhizopus niveus is one of the best characterized enzymes of the RNase T2 family. (reference 4 and references therein) RNase Rh exhibits non-absolute substrate specificity, though the adenylic preference (A > G > U,C) was estimated based on the release of nucleotides from RNA during the course of hydrolysis. 4 4) RNase MC1, isolated from the seeds of the bitter gourd (Momordica charantia), consists of 190 amino acids with a relative molecular mass of 21,188 Da and belongs to the RNase T2 family on the basis of sequence homology. 5) RNase MC1 specifically cleaves the phosphodiester bond of NpU (where ''N'' denotes A, C, G, or U); that is, it specifically recognizes the uracil base at the B2 site. 6) This absolute uridine specificity of RNase MC1 distinguishes it from other RNases in the RNase T2 family, which cleave almost all of the 16 dinucleoside monophosphates at a comparable rate. In our previous studies, we identified Figure 1 shows the sequence alignment of RNases belonging to the RNase T2 family. The common property of this class of enzymes is that they contain two consensus sequences CAS I ( 31 FTIHGLWP 38 in RNase MC1) and CAS II ( 80 FWSHEWTKHGTC 91 in RNase MC1) with two invariant histidine residues, His34 and His88 in RNase MC1, that are crucial for catalytic activity.
4) The interesting feature in this alignment, besides the amino acids involved in catalysis and substrate binding, is the significant matching of several amino acids at the C-terminal halves of the molecules. 190 . Taking into account the distribution of these residues on the tertiary structure of RNase MC1, it can be assumed that they might be involved in the folding of the protein through hydrophobic interactions.
To evaluate the contribution of individual amino acids conserved at the C-terminal halves to the stability of the RNase T2 family enzymes, we made use of site-directed mutagenesis of RNase MC1 cDNA. We showed that and Val 165 are involved in stabilization of -strand 6 through hydrophobic interaction, which ultimately contributes to the stabilization of the -sheet structure containing the catalytic residue His 34 at 2.
Materials and Methods
Materials. Restriction enzymes and DNA modifying enzymes were purchased from MBI Fermentas and Toyobo, respectively. The oligonucleotide primers and thermo sequenase fluorescent labeled primer cycle sequencing kit containing 7-deaze-dGTP were obtained from Amersham Pharmacia Biotech. A Chameleon double stranded site-directed mutagenesis kit was purchased from Stratagene. Cytidylyl-3 0 ,5 0 -uridine (CpU) was purchased from Sigma Chemicals. All other common chemicals and reagents were purchased at the highest purities available.
Strains and plasmids. pGMC1, which contains the RNase MC1 cDNA in pGEM T-vector (Promega), was used for site-directed mutagenesis.
11) Escherichia coli expression vector pET-22b was obtained from Novagen. The Pichia pastoris expression system containing expression vector pPIC9K was purchased from Invitrogen. E. coli strain JM109 was used for routine transformations and plasmid preparation. E. coli strains of XLmutS and BL21(DE3) pLysS were used as host cells for site-directed mutagenesis and for producing recombinant proteins respectively. P. pastoris strain GS115 was also used to overproduce the mutant enzymes.
Protein preparation. For mutagenesis experiments, pGMC1, which encodes the RNase MC1 cDNA in pGEM T-vector, was used as a template. Site-directed mutagenesis was performed by the unique site elimination method. 12) Mutations introduced into the plasmid were confirmed by DNA sequencing by means of the MC1, RNase MC1 from bitter gourd seeds; NW and NGR3, RNase NW and RNase NGR3 from Nicotiana glutinosa respectively; LE and LX, RNase LE and LX from tomato (Lycopersicon esculantum) respectively; Rh, LC1 and LC2, RNase LC1 and RNase LC2 from sponge gourd seeds respectively; S2, RNase S2 from tobacco; T2, RNase T2 from A. oryzae; M, RNase M from A. saito; Rh, RNase Rh from R. niveus. Sequences were aligned using Clustal W 23) with manual adjustment. Amino acids conserved in the C-terminal region are boxed. Amino acid residues are numbered according to RNase MC1. dideoxy terminator sequencing method. 13) RNase MC1 mutants were initially produced in E. coli strain BL21(DE3) pLysS using expression plasmid pET-22b and then purified from total cell extracts, as described previously.
11) Mutants A105L, D107A, P125A, G127A, G144A, V165A, and F190A were produced in an amount similar to the wild-type RNase MC1 in E. coli cells. This approach, however, was unsuccessful for production of mutants Y101A, F102A, L162A, and G173A because of a low expression level. To circumvent this problem, an attempt was made to produce these four mutant enzymes using the P. pastoris expression system, as described previously. 10) After confirmation of overproduction of mutant proteins in the growth medium, the mutant proteins were purified to homogeneity by a series of column chromatographies, as described previously.
10) The purity of each mutant protein was confirmed by SDS-PAGE using a 15% polyacrylamide gel. 14) Protein concentrations were determined by the bicinchoninic acid method using BSA as a standard protein.
15)
Dinucleoside monophosphate cleavage. The enzymatic activity toward CpU was measured at 37 C in 50 "l of 50 mM sodium-acetate buffer, pH 5.5, consisting of 5-15 nM enzyme and 80 "M substrate. The reaction was terminated by adding a 50 "l portion of 30% acetic acid. Then, the reaction products were analyzed as described previously.
8)
Circular dichroism spectra. Far-ultraviolet CD spectra were measured at given temperatures using a JASCO J-720 spectropolarimeter. Enzymes were dissolved in 10 mM Tris-HCl buffer, pH 7.5, containing 200 mM sodium chloride. The protein concentration was 5 "M. The path length of the cells used for the wavelength region 200-250 nm was 0.1 cm.
Thermal unfolding. Thermal unfolding curves were obtained by monitoring the CD value at 210 nm and the temperatures indicated. The water-jacketed cell containing the sample was heated for 5 min at a given temperature by a thermostatically regulated circulating water bath. The fraction of native protein was calculated from the CD values by linearly extrapolating the preand post-transition base lines, based on the assumption that the CD values of the pre-and post-transition reflect those of the folded and unfolded proteins respectively. Assuming that the unfolding equilibrium follows a twostate mechanism, the unfolding curves obtained were subjected to a least squares analysis to determine the midpoint temperatures, T m , and thermodynamic parameters. The enthalpy and entropy changes at T m (ÁH m and ÁS m ) were calculated by van't Hoff analysis. The difference in the free energy change of unfolding (at T m of the wild-type protein) between the mutant and wildtype proteins, ÁÁG, was estimated using the formula ÁÁG ¼ ÁT m ÁS m (wild-type), in which ÁT m is the difference in T m between the mutant and wild-type proteins and ÁS m (wild-type) is the entropy change of the wild-type protein at T m .
Guanidine hydrochloride denaturation. Equilibrium unfolding with Gdn-HCl was monitored by the fluorescence emission maximum (! em ), which is the emission wavelength giving maximal fluorescence intensity, at each Gdn-HCl concentration. Fluorescence data were measured at 25 C using a Shimadzu RF-5000 spectrofluorophotometer with a protein concentration of 0.25 "M. The excitation wavelength was 290 nm, and the fluorescence emission spectrum between 300 and 450 nm was recorded from each sample. The protein was dissolved in 10 mM Tris-HCl, pH 7.5, and 200 mM sodium chloride containing various amounts of denaturant. All samples were fully equilibrated at each denaturant concentration before measurement. The fluorescence data were analyzed based on a two-state model. The free energy change of unfolding, ÁG D , can be represented by the equation
where F D is a fraction of the unfolded state. The free energy change of unfolding, ÁG D , in Eq. 1 was assumed to be linearly dependent on the Gdn-HCl concentration
where ÁG D is the free energy change of unfolding in the absence of a denaturant, and the slope, m, is a parameter reflecting the cooperativity of the transition. The Gdn-HCl concentration at the mid-point of the transition (ÁG D ¼ 0) was defined as C m .
Protease susceptibility. Both tryptic and chymotryptic digestions of the proteins (0.428 mg/ml) were carried out at 37 C in 100 mM Tris-HCl, pH 8.0, with an enzyme: substrate ratio of 1:50 (w/w). Proteinase digestion was assayed by SDS-PAGE using a 15% polyacrylamide slab gel.
Crystallographic analysis of mutant Y101A. Crystals were grown at 20 C using the hanging-drop vapor diffusion method. Drops were prepared by mixing 2 "l of protein solution (10 mg/ml in water) and 1 "l of 5 0 -UMP solution (50 mM in water) with 2 "l of reservoir solution containing 2.0 M ammonium sulfate in 100 mM sodium acetate buffer, pH 4.6. The crystals belonged to orthorhombic space group P2 1 2 1 2 1 with cell dimensions a ¼ 52:7 # A, b ¼ 62:0 # A, and c ¼ 76:4 # A, containing one monomer per asymmetric unit (V M value of 2.94 # A 3 / Da). A single crystal was flash-frozen in a stream of liquid nitrogen and X-ray diffraction data were collected at 100 K at the BL41XU station of SPring-8, Japan. The data were processed using HKL2000.
16) The structure of the mutant Y101A was determined by molecular replacement using software package CNS.
17) The structure of RNase MC1 [PDB entry: 1BK7 18) ], from which water molecules were removed, served as a search model. Structure refinement against 2.0 # A data was performed using CNS with rounds of manual rebuilding in O. 19) The stereochemical checks were carried out using PROCHECK. 20) The atomic coordinates of the mutant Y101A have been deposited in the Protein Data Bank as entry 1V9H.
Results

Production and characterization of RNase MC1 mutants
To elucidate the roles of the amino acids conserved at the C-terminal halves of the RNase T2 family enzymes, 10 mutants, Y101A, F102A, D107A, P125A, P127A, G144A, L162A, V165A, G173A, and F190A, in which in RNase MC1 were individually replaced by Ala, were constructed. In addition, the mutant A105L, in which Ala 105 in RNase MC1 was substituted for Leu, was prepared. The resulting 11 mutant genes were first expressed in E. coli strain BL21(DE3) pLysS cells. Seven mutant enzymes (A105L, D107A, P125A, G127A, G144A, V165A, and F190A) were produced in an amount similar to that of the wild-type RNase MC1 and then purified to homogeneity as judged by SDS-PAGE (Fig. 2) . The yields of proteins from 1 liter of culture broth were 0.5-1 mg. In contrast, little production was observed for the four other mutant proteins (Y101A, F102A, L162A, and G173A) using the E. coli system. Therefore we attempted to produce them with the methylotrophic yeast P. pastoris expression system using pPIC9K as an expression vector. The mutants Y101A, F102A, and G173A were produced abundantly in growth medium and purified in a manner identical to that for wild-type RNase MC1 (Fig. 2) . The amount of each mutant enzyme purified from a 1 liter culture was 15-20 mg, but little product was available for mutant L162A. It is likely that the replacement of Leu 162 with Ala causes misfolding of the mutant, which thereby was subjected to proteolysis by proteases that occurred in the growth medium of P. pastoris. This finding suggests the importance of Leu 162 for structural stability and/or folding of RNase MC1.
The structural integrity of the 10 mutant enzymes was evaluated by comparing their CD spectra in the farultraviolet region (190-250 nm) with that of the wild type. The CD spectra of mutants D107A, P125A, G127A, G144A, V165A, G173A, and F190A were approximately the same as that of the wild type. The spectra of D107A, G173A, and F190A are shown as representative in Fig. 3 . This result indicated that the backbone conformation of these mutants is virtually the same as that of the wild type, suggesting that replacement of amino acids with Ala does not affect the integrity of the protein structure. By contrast, mutants Y101A, F102A, and A105L showed slightly distinct CD spectra compared with the wild-type RNase MC1 (Fig. 3) . The mutant Y101A and F102A exhibited depressions in ellipticity at 200-227 nm and 200-213 nm respectively and their spectral minima were slightly blue-shifted, whereas mutant A105L showed a large decrease in molecular ellipticity at 217-240 nm. This result suggests that mutations of Tyr 101 and Phe 102 by Ala and that of Ala 105 by Leu caused a slight structural perturbation in the backbone conformation of the mutants. As described below, the tertiary structure of the mutant Y101A was determined by X-ray crystallographic analysis. The crystal structure of Y101A is almost identical with that of wild-type RNase MC1. Hence the slightly different CD spectrum observed for Y101A suggests a micro environmental change around the mutation site. Proteins A105, D107A, P125A, G127A, G144A, V165A, and F190A were produced in E. coli cells, and Y101A, F102A, and G173A in P. pastoris. Next, the enzymatic activities of the mutant enzymes were assessed using CpU as a substrate. Enzymatic activities relative to that of wild-type RNase MC1 are shown in Fig. 4 . All mutants except for A105L retained enzyme activity comparable with that of wild-type RNase MC1. This finding indicates that these amino acids do not participate directly in enzymatic activity. The mutation of Ala 105 to Leu decreased enzyme activity to about 20% compared with wild-type RNase MC1. As described above, the CD spectrum of mutant A105L suggested a structural perturbation. Hence, the mutation of Ala 105 by Leu might cause a structural perturbation around the active site. This finding suggests the importance of Ala with a shorter side chain at position 105 in RNase MC1.
Thermal unfolding
To evaluate the contribution of the conserved amino acids to protein folding, thermal unfolding of each mutant protein was first analyzed by comparing the CD spectrum of the wild type with those of mutants. CD spectra of the wild type and mutants were measured, then the magnitude of the CD band at 210 nm was observed at different temperatures. As a typical example, the CD spectra of the wild type incubated at 30-74 C are shown in Fig. 5A . The thermal unfolding curves of the wild type and the mutants as a function of temperature at pH 7.5 are shown in Fig. 5B . Assuming a two-state transition for unfolding, the equilibrium con- The enzymatic activities of RNase MC1 and its mutants were assessed by measuring the reaction product, uridine, after digestion of the substrate, dinucleoside monophosphate CpU, at pH 5.5 and 37 C, as described in ''Materials and Methods''. The activities were expressed taking that of the wild type to be 100. (A), Circular dichroic spectra of wild-type RNase MC1 incubated at varoius temperatures. The protein was incubated at a given temperature for 5 min, then the CD spectrum was measured in the same manner as described for Fig. 3. (B) , Thermal unfolding curves for the wild-type and mutant RNase MC1. After monitoring the CD values at 210 nm, the data were plotted in terms of the unfolded fraction as described under ''Materials and Methods''. The thermodynamic parameters deduced from these thermal unfolding curves are summarized in Table 1. stant between the folded and unfolded states, K D ¼ D=N, and the free energy change of unfolding, ÁG D ¼ ÀRT ln K D , at a given temperature were calculated from each unfolding curve. The unfolding curves were also used to determine the melting temperature (T m ), the entropy change at T m (ÁSm), and the enthalpy change at T m (ÁHm). The stability of each mutant enzyme at T m of the wild type was estimated using the relation ÁÁG ¼ ÁTmÁSm (wild type at T m ). The values thus obtained are summarized in Table 1 The parameters were calculated from the thermal unfolding curves described in C. The excitation wavelength was 290 nm, and fluorescence emission from 300 to 450 nm was recorded from each sample. (B), Fluorescence emission maximum (! em ), the emission wavelength giving maximal fluorescence intensity, is plotted in terms of unfolded fraction as described under ''Materials and Methods''. The thermodynamic parameters derived from these Gdn-HCl unfolding curves are shown in Table 1 . , to the structural stability of RNase MC1 was further assessed by means of unfolding experiments using guanidine hydrochloride (Gdn-HCl) as a denaturant. Figure 6A shows typical fluorescence spectra of the wild-type RNase MC1 incubated at concentrations of 0 to 5 M Gdn-HCl. The fluorescence emission spectrum in the native state has a maximum at 350 nm. Extensive changes in the spectrum were observed as the enzyme unfolded. Fluorescence intensity was greatly reduced as the concentration of GdnHCl was increased, and in addition, the emission maximum (! em ) shifted to longer wavelengths, reaching 365 nm in 5 M Gdn-HCl. A similar transition of ! em was also observed for mutant enzymes. Folded and unfolded fractions of proteins were thus evaluated by plotting ! em as a function of Gdn-HCl concentration (Fig. 6B) . On the assumption that the wild-type and mutant RNase MC1 are denatured with a two-state transition model, the Gibbs free energy change of unfolding (ÁG D ) was calculated using equation 1, then the thermodynamic parameters for denaturation induced with Gdn-HCl were obtained (Table 1) Protease susceptibility It has been reported that protein stability is correlated with resistance to proteolytic degradation. 21, 22) To corroborate the results obtained by the thermal and Gdn-HCl unfolding analyses, we further analyzed the susceptibility of the mutants to chymotrypsin and trypsin. Tryptic and chymotryptic digestion of the proteins were carried out in 100 mM Tris-HCl buffer, pH 8.0, at 37 C. Aliquots were withdrawn at appropriate intervals (0, 1, 2, 4, and 8 h), and then subjected to SDS-PAGE.
Guanidine hydrochloride unfolding
shows representative patterns of proteolytic degradations analyzed by SDS-PAGE. Under the conditions used, RNase MC1 remained intact during incubation with chymotrypsin for 8 h, whereas trypsin caused a time-dependent decrease of the RNase MC1 band concomitant with an increase of one peptide (Fig. 7) . The degradation patterns of all mutants except for Y101A and F102A were similar to that of the wild-type RNase MC1. The mutations of Tyr 101 and Phe 102 to Ala unambiguously made susceptible to protease degradation. In particular, mutant Y101A, the most destabilized mutant in this study, was completely degraded by both proteases after 2 h. Taking into account the substrate specificity of chymotrypsin and trypsin, the lability of the mutants to proteolytic digestion appears to be independent of the substrate specificity of the protease. This result indicated that Tyr 101 and Phe 102 are strongly involved in the protein stability of RNase MC1.
Crystallographic analysis
The combined results strongly indicated a crucial involvement of Tyr 101 and Phe 102 in the structural stability of RNase MC1. It may be anticipated that crystallographic analysis of the mutants will provide additional experimental data for evaluation of protein stability. Hence we attempted to crystallize Y101A and F102A. Although no suitable crystals for F102A have been available so far, mutant Y101A crystals in complex with 5 0 -UMP were grown under appropriate conditions. Then the crystal structure of Y101A in complex with 5 0 -UMP was determined at 2.0 # A resolution by molecular replacement and was refined to R-and free R-factors of 20.99% and 25.68% respectively ( Table 2 ). The overall structure of Y101A was identical to that of wild-type RNase MC1 with a main chain rms deviation of 0.487 # A, indicating that the mutation of Tyr 101 to Ala does not disrupt the structure of the protein. The superimposed structures of RNase MC1 and Y101A in the vicinity of the mutation site are shown in Fig. 8 . In RNase MC1, Left, structure of amino acids around the mutation site in the wild type. Right, the structure of those in Y101A. with Ala abolishes all interactions observed in the wild type and generates a space which is occupied by a sulfate anion to maintain the structure of the protein (Fig. 8) were found to be moderately involved in protein stability. These amino acid residues were mapped on the three-dimensional structure of RNase MC1 (Fig. 9) . The amino acids are clustered together mainly in two regions that comprise an -helix bundle structure on the one hand and a -sheet composed of 5 and 6 on the other. Possible contributions of amino acids to protein stability are discussed below in terms of the three-dimensional structure of RNase MC1. The mutations of two Gly residues, Gly 127 and Gly 144 , moderately decreased the T m value of RNase MC1 from 64 C to 62 C and 60 C with ÁÁG of À4:35 kJ/mol and À6:31 kJ/mol respectively. Gly 127 and Gly 144 are located in the turn regions connecting through helix 9 to strand 4 and helix 10 to strand 5 respectively. The combination of dihedral angles of Gly 144 is outside the acceptable region of the Ramachandran plot (0 ¼ 97:4 , ¼ À17:9
). Therefore the mutation of Gly 144 to Ala caused a steric crash between main chain and side chain atoms because it is impossible for Ala to adopt the same dihedral angles of Gly 144 in the wild-type RNase MC1. In contrast, the dihedral angles of Gly 127 are well in accordance with the Ramachandran plot. But, Gly 127 is positioned at the top of the loop region and hence plays an important role in the formation of a sharp turn in the loop connecting to helix 10 and strand 5. Hence it is concluded that these conserved Gly residues are responsible for structural stability through stabilization of the loop regions. 24) and Raster 3D. 25) -strand 6, their hydrophobic side chains interacting with each other. This interaction stabilizes the conformation of 6, which ultimately stabilizes the conformation of the central -sheet of RNase MC1.
In conclusion, it is suggested that the amino acids conserved in the C-terminal halves of RNase T2 family enzymes are involved on one hand in the structural stability of the -helix bundle structure includinghelix 5 where the catalytic residues His 83 , Glu 84 , Lys 87 , and His 88 (RNase MC1 numbering) are located. On the other hand, the conserved amino acids are perhaps responsible for the structural stability of -strands 5 and 6, which contributes to the structural stability of a central -sheet structure where another catalytic residue His 34 (RNase MC1) is located. Therefore, it is suggested that stabilization of the -helix bundle and -sheet structures may be a prerequisite constraint in the evolution of RNase T2 family enzymes.
